Introduction {#s01}
============

Prostate cancer (PCa) is one of the most common malignancies in men worldwide ([@bib56]) and is characterized by its high incidence of bone metastasis ([@bib52]). Intriguingly, metastatic bone tumors can appear years and even decades later, following excision of primary PCa ([@bib47]). Experimental studies have shown that the efficiency of metastatic tumor formation after intravenous injection of tumor cells was as low as 0.01% ([@bib18]), which may be explained by entrance of cancer cells into a dormant state ([@bib34]). [@bib30] propose a viewpoint that when tumor cells arrive in a new unfamiliar microenvironment to which they are poorly adapted, they are likely to enter into a prolonged growth-arrested state. Therefore, an in-depth understanding of the mechanism underlying cancer dormancy will be helpful for prevention and treatment of metastatic tumor.

In different types of cancer, tumor cells preferentially metastasize to the selected organs, referred to as the "seed and soil" theory ([@bib44]). Emerging evidence has reported that tumor cells are often found in a dormant state, which is, to some extent, determined by the interactions between the tumor cells and signals within specific niche microenvironments ([@bib14]; [@bib48]). Induction of cancer dormancy is initiated by a variety of events in the microenvironmental niche, such as angiogenic balance ([@bib40]), immunological equilibrium ([@bib27]), and stress signaling ([@bib33]). In bone metastasis of cancer, the fate of colonizing tumor cells is likely to be determined by their location in bone microenvironments: tumor cells arriving in the bone-remodeling compartment (\<20% of endosteal bone surface), which is the zone of active bone remodeling, are exposed to a rich microenvironment containing pro-growth factors and thus grow immediately after colonization. However, those colonized in the inactive surfaces (∼80% of the endosteal bone surface) implant in a quiescent microenvironment that promotes tumor cells dormancy ([@bib3]; [@bib9]). Therefore, it is conceivable that colonizing tumor cells are more likely to be dormant when they arrest in bone. Indeed, several lines of investigation showed that osteoblastic niche plays an important role in controlling dormancy of tumor cells ([@bib31]). Although the dormancy-promoting role of osteoblastic niche has been elucidated, crucial signals supporting cancer dormancy remain to be further clarified.

Accumulating studies have indicated that inactivation or down-regulation of pro-proliferation signaling contributes to cancer cell dormancy ([@bib69]; [@bib33]; [@bib12]). Furthermore, factors secreted by osteoblastic niche, including IL6, growth arrest specific protein 6 (GAS6), and bone morphogenetic proteins, play critical roles in cancer dormancy ([@bib22]; [@bib51]; [@bib13]; [@bib10]). Notably, a study from Nemeth showed that Wnt5a maintained hematopoietic stem cells (HSCs) in a quiescent G~0~ state via inhibiting Wnt3a-mediated canonical Wnt signaling ([@bib41]), and activity of canonical Wnt signaling has been recently demonstrated to generally be inversely associated with the dormancy of colorectal cancer cells ([@bib6]). Importantly, [@bib55] have demonstrated that disseminated PCa cells colonize and occupy the same osteoblastic niche via competing with HSCs. Therefore, we hypothesize that Wnt5a may play a similar role in the maintenance of disseminated PCa cells dormancy as it does in HSCs. In this study, our results demonstrate that Wnt5a from osteoblastic niche induces dormancy of PCa cells via activation of noncanonical ROR2/SIAH2 signaling, resulting in repression of canonical Wnt/β-catenin signaling, suggesting a potential therapeutic utility of Wnt5a in the dormancy of PCa cells in bone.

Results {#s02}
=======

Osteoblasts repress the growth of PCa cells {#s03}
-------------------------------------------

Osteoblasts, a primary component of osteoblastic niche, have been reported to maintain cells colonized in the osteoblastic niche in a quiescent state ([@bib66]), and cells isolated from osteoblast-ablated mice show a loss of quiescence ([@bib5]). Therefore, we further investigated whether dormancy of PCa cells was induced via co-culture with osteoblasts. Primary osteoblasts from the calvaria of neonatal rats were first isolated (Fig. S1 A), and different staining methods were used in primary rat osteoblast cultures (Fig. S1, B--D). Then, we further co-cultured PCa cells and primary osteoblasts in a transwell plate ([Fig. 1 A](#fig1){ref-type="fig"}, top panel) and found that the cell numbers were significantly decreased ([Fig. 1 B](#fig1){ref-type="fig"}). Consistently, the number of PCa cells were reduced when cultured in the conditioned medium from osteoblast ([Fig. 1 A](#fig1){ref-type="fig"}, bottom panel; and Fig. S1 E). Furthermore, the number of Ki-67--positive populations and cyclinD1 and cyclinE1 expression were repressed when co-cultured with osteoblasts or cultured in the conditioned medium from primary osteoblast (PrOB-CM); conversely, the percentage of cells in the G~0~/G~1~ phase and p21 and p27 expression were enhanced ([Fig. 1, C--F](#fig1){ref-type="fig"}). These results indicate that osteoblasts suppress proliferation and retard cell cycle progression in PCa cells.

![**Primary osteoblasts repressed the growth of PCa cells. (A)** The model of PCa cell co-culture with primary osteoblast in the transwell plate (co-culture; top) or cultured in PrOB-CM (bottom). **(B)** PC-3 and C4-2B cells were co-cultured with osteoblasts in a co-culture transwell system followed by quantifying cell number. Mean ± SD; \*, P \< 0.05 by ANOVA for repeated measures. **(C)** PCa cells were used for flow cytometry analysis of Ki-67 marker on day 5 in the indicated groups. Histograms showed the proportion of Ki-67^+^ cells in each groups. Mean ± SD; \*, P \< 0.05 by one-way ANOVA. **(D)** Flow cytometry analysis of cell cycle in the indicated groups on day 5. Mean ± SD; \*, P \< 0.05 by one-way ANOVA. **(E)** Real-time PCR analysis of multiple cell cycle regulators expression in the indicated groups on day 5. Pseudo-color scale values were log2 transformed. Transcript levels were normalized by GAPDH expression. The experiment was independently performed three times. **(F)** Western blotting analysis of cyclin D1, cyclin E1, CDKN1A (p21), and CDKN1B (p27) expression in the indicated groups on day 5. α-Tubulin served as the loading control. The experiment was independently performed three times.](JEM_20180661_Fig1){#fig1}

Wnt5a is essential for the low proliferation ability of PCa cells within the osteoblastic niche {#s04}
-----------------------------------------------------------------------------------------------

Wnt signaling within the bone microenvironment plays a crucial role in the equilibrium of cell dormancy and reactivation ([@bib65]; [@bib2]). To discern the relevant Wnt signaling derived from osteoblasts, we first examined the mRNA expression levels of Wnt proteins in primary osteoblast and found that mRNA expression of several noncanonical Wnt ligands, including *Wnt5a*, *5b*, *11*, and *16*, was dramatically elevated in osteoblast ([Fig. 2 A](#fig2){ref-type="fig"}), suggesting that osteoblast-induced tumor cell dormancy may be associated with noncanonical Wnt signaling. The ELISA results showed that the concentration of Wnt5a, 5b, 11, and 16 was at a much higher level in the supernatant of osteoblasts, but hardly detectable in that of PCa cells, except for Wnt11 ([Fig. 2 B](#fig2){ref-type="fig"}), suggesting that primary sources of Wnt ligands within osteoblastic niche are osteoblasts rather than the cancer cells themselves. To determine which factor is responsible for the inhibitory effect of osteoblasts on the proliferation of PCa cells, the effect of recombinant human proteins of these Wnt ligands on Ki-67^+^ cells number was first investigated. As shown in [Fig. 2 C](#fig2){ref-type="fig"} and Fig. S2 (A and B), only Wnt5a (\>100 ng/ml) differentially decreased the Ki-67^+^ populations and cyclinD1 and cyclinE1 expression and increased p21 and p27 expression.

![**Wnt5a inhibits proliferation and retards cell cycle progression of PCa cells. (A)** Real-time PCR analysis of Wnt mRNA expression in primary osteoblasts. Red bars show the mRNA expression of Wnt with both a fivefold-change increase and statistical significance (P \< 0.05 by one-way ANOVA), compared with mRNA expression of Wnt1. Blue bars represent the mRNA expression of Wnt with no more than fivefold-change increase compared with mRNA expression of Wnt1. Mean ± SD. **(B)** The concentration of Wnt5a, 5b, 11, and 16 in the supernatant of the indicated cells by ELISA. Mean ± SD. \*, P \< 0.05 by one-way ANOVA. **(C)** Western blotting analysis of cyclin D1, cyclin E1, p21, and p27 expression in the indicated PCa cells. α-Tubulin served as the loading control. The experiment was independently performed three times. **(D--F)** The cell number, percentage of Ki-67^+^ cells, and cell cycle analysis in the indicated PCa cells. Mean ± SD; \*, P \< 0.05 by one-way ANOVA. **(G)** The percentage of Ki-67^+^ cells in the indicated PCa cells. Mean ± SD; \*, P \< 0.05 by one-way ANOVA.](JEM_20180661_Fig2){#fig2}

We further knocked down *Wnt5a* expression in osteoblast to investigate whether silencing *Wnt5a* restores the growth ability of PCa cells (Fig. S2, C and D). As shown in [Fig. 2 (D--F)](#fig2){ref-type="fig"}, the proliferation ability and cell cycle of PCa cells co-cultured with PrOB-CM from *Wnt5a*-silenced osteoblasts were increased. Furthermore, our results revealed that Wnt5a was also detected in the supernatant of MC3T3-E1, hFOB1.19, and bone marrow--derived mesenchymal stem cells (BMSCs) and the number of Ki-67^+^ PCa cells was reduced in the presence of PrOB-CM from each of these cell types (Fig. S2, E and F). Importantly, silencing *Wnt5a* in these cell types enhanced the number of Ki-67^+^ cells repressed by the PrOB-CM from vector cells ([Fig. 2 G](#fig2){ref-type="fig"} and Fig. S2, G and H), indicating that the various sources of Wnt5a from multiple cell types within the osteoblastic niche inhibits the proliferation of PCa cells. Therefore, these data indicate that Wnt5a from osteoblastic niche induces metastatic dormancy.

Wnt5a elicits dormancy of PCa cells in a reversible manner {#s05}
----------------------------------------------------------

To investigate the effect of Wnt5a on the dormancy of PCa cells, we first stained PCa cells with vital lipophilic fluorescent dyes (DiD), as the intensity of DiD staining declines with dividing of cells ([@bib67]; [@bib54]). Immunofluorescence staining revealed that Wnt5a maintained the number of DiD^+^ cells (red) and reduced the number of Ki-67^+^ cells (green: FITC) over time ([Fig. 3, A--C](#fig3){ref-type="fig"}). Dormant cancer cells were characterized by regaining proliferation ability after withdrawing the dormancy-inducing factor. Therefore, we further withdrew Wnt5a on day 4 and found that the number of Ki-67^+^ cells increased on day 6; conversely, the number of DiD^+^ cells decreased ([Fig. 3, A--C](#fig3){ref-type="fig"}). Furthermore, the inhibitory effects of Wnt5a on cell proliferation, Ki-67^+^ cell population, and cell cycle were reversed after withdrawal of Wnt5a ([Fig. 3, D--F](#fig3){ref-type="fig"}). Therefore, our results indicate that Wnt5a induces dormancy of PCa cells in vitro in a reversible manner.

![**Wnt5a promoted the dormancy of PCa in a reversible manner in vitro. (A)** Detection of Ki-67--positive (Ki-67^+^) and DiD-positive (DiD^+^) cells in untreated (control) or Wnt5a-treated (Wnt5a; 200 ng/ml) PCa cells on days 1 (top), 3 (middle), and 6 (bottom) using immunofluorescence staining. In the withdrawal group, Wnt5a was withdrawn on day 4, and Ki-67^+^ and DiD^+^ PCa cells were examined on day 6 (bottom). Bars, 30 µm. **(B and C)** The quantification of Ki-67^+^ and DiD^+^ cells in the indicated groups at the indicated time points. Mean ± SD; \*, P \< 0.05 by one-way ANOVA. **(D)** The effect of Wnt5a on proliferation of PCa cells was assessed by MTT assay. Mean ± SD; \*, P \< 0.05 by ANOVA for repeated measures. **(E)** The effects of Wnt5a on the proportion of Ki-67^+^ cells in the indicated groups on day 5. Mean ± SD; \*, P \< 0.05 by one-way ANOVA. **(F)** The effects of Wnt5a on the cell cycle progression of PCa cells in the indicated groups on day 5. Mean ± SD; \*, P \< 0.05 by one-way ANOVA.](JEM_20180661_Fig3){#fig3}

To discern mitotically quiescent cells in vivo, a mouse model of bone metastasis was used, where DiD-labeled and luciferase-expressing PC-3 cells were inoculated into the left cardiac ventricle of mice ([Fig. 4 A](#fig4){ref-type="fig"}). Wnt5a was injected daily through the lateral tail vein before 3 d of cell inoculation. Systemic administration of Wnts ligands has been reported to have subsequent effects in vivo ([@bib23]). Equivalent numbers of double DiD-labeled (DiD^+^: red) and luciferase-expressing (luciferase^+^: green) cells were observed in the tibiae of mice from different groups on day 2 ([Fig. 4 B](#fig4){ref-type="fig"}). Mice were culled after 10--12 wk of injection of PC-3 cells, and the tibiae were collected and processed for confocal microscopy. At this stage, the tibiae of mice with consecutive injection of Wnt5a exhibited a higher frequency of double DiD^+^ and luciferase^+^ cells and no obvious bone lesions compared with control group ([Fig. 4, C--G](#fig4){ref-type="fig"}). Importantly, withdrawal of Wnt5a on day 41 significantly decreased the number of double DiD^+^/luciferase^+^ tumor cells and increased the luciferase^+^ tumor cells, which showed the obvious osteolytic bone tumors on day 80 ([Fig. 4, C--G](#fig4){ref-type="fig"}). Collectively, these results demonstrate that Wnt5a induces dormancy of PCa cells in bone in a reversible manner in vivo.

![**Wnt5a induced dormancy of PCa cells in vivo in a reversible manner. (A)** Representative images of the control, preWnt5a, and withdrawal mice groups at 10 min. In the withdrawal group, Wnt5a was withdrawn on day 41. **(B)** Images of dormant cell (white arrows) in the indicated mice groups on day 2. Bars, 50 µm. **(C)** Images of dormant cell in the indicated mice groups. Bars, 50 µm. **(D)** The regions of interest (ROI; threefold enlargement) in the white square of C are presented. Bars, 20 µm. **(E)** Representative radiographical images of osteolytic lesions (yellow arrows) in the indicated mice groups. Bars, 4 mm. **(F)** The quantification of double DiD^+^ and luciferase^+^ cells in the control (*n* = 11), Wnt5a (*n* = 11), and withdrawal (*n* = 10) groups. Mean ± SEM; \*, P \< 0.05 by one-way ANOVA. **(G)** The sum of bone metastasis scores in the tibia of the indicated mice groups. Mean ± SEM; \*, P \< 0.05 by one-way ANOVA.](JEM_20180661_Fig4){#fig4}

Wnt5a inhibits osteolytic bone destruction of PCa cells in vivo {#s06}
---------------------------------------------------------------

To determine the effect of Wnt5a on bone metastasis of PCa in vivo, the luciferase-labeled PC-3 cells were inoculated into the left cardiac ventricle of mice to monitor development of bone metastatic tumors. As shown in [Fig. 5 (A and B)](#fig5){ref-type="fig"}, PC-3 cells treated with Wnt5a displayed fewer bone metastatic sites than control group. H&E staining showed that Wnt5a dramatically reduced the tumor burden in bone ([Fig. 5 C](#fig5){ref-type="fig"}). Furthermore, the mice treated with Wnt5a displayed fewer bone metastatic foci, smaller osteolytic areas, and longer bone metastasis--free survival ([Fig. 5, D--F](#fig5){ref-type="fig"}). Importantly, the mice withdrawing Wnt5a on day 41 exhibited more bone metastatic foci, tumor burden, and shorter bone metastasis--free survival compared with those with continuous Wnt5a treatment group on day 80 ([Fig. 5, A--F](#fig5){ref-type="fig"}). These findings indicate that Wnt5a inhibits bone metastasis of PCa cells in a reversible manner in vivo.

![**Wnt5a attenuated osteolytic bone tumor tumorigenesis in vivo. (A)** Representative BLI signal of bone metastasis in the indicated mice groups. Wnt5a−/+: Wnt5a was administered on day 41. **(B)** Representative radiographical images of bone metastases in the indicated mice. Bars, 4 mm. **(C)** Representative H&E-stained sections of the tibiae from the indicated mice groups (T, tumor; N, the adjacent nontumor tissues). Bars, 500 µm (40×) and 100 µm (200×). **(D)** The sum of bone metastasis scores in the tibia of the control (*n* = 11), Wnt5a (*n* = 12), withdrawal (*n* = 10), or Wnt5a−/+ (*n* = 10) mice groups. Mean ± SEM; \*, P \< 0.05, and N.S. indicates no significance by one-way ANOVA. **(E)** Histomorphometric analysis of bone osteolytic areas in the tibia of the indicated groups. Mean ± SEM; \*, P \< 0.05, and N.S. indicates no significant by one-way ANOVA. **(F)** Kaplan--Meyer analysis of bone metastasis--free survival in the indicated mice groups. **(G)** The time point, duration, and tibial site of cell or Wnt5a injection were depicted in a schematic model. **(H)** Representative radiographical images of osteolytic bone tumor in the indicated tibia of the mice (*n* = 10). Bars, 4 mm. **(I)** Representative H&E-stained sections of the indicated tibia of the mice. Bars, 500 µm (40×) and 100 µm (200×). **(J)** The scores of osteolytic bone tumor in the indicated tibia of the mice. Mean ± SEM; \*, P \< 0.05 by unpaired *t* test. **(K)** Histomorphometric analysis of bone osteolytic areas in the tibia of the indicated groups. Mean ± SEM; \*, P \< 0.05 by unpaired *t* test. **(L)** Representative BLI signal of bone metastasis in the mice treated with Wnt5a (50 µg/kg; *n* = 12), SD208 (50 mg/kg/d; *n* = 10), or Wnt5a + SD208 (*n* = 11). **(M)** Representative radiographical images of bone metastases in the indicated mice. Bars, 4 mm. **(N)** Representative H&E-stained sections of the tibiae from the indicated mice. Bars, 500 µm (40×) and 100 µm (200×). **(O)** The sum of bone metastasis scores in the tibia of the indicated mice groups. Mean ± SEM; \*, P \< 0.05, and N.S. indicates no significance by one-way ANOVA. **(P)** Histomorphometric analysis of bone osteolytic areas in the tibia of the indicated mice groups. Mean ± SEM; \*, P \< 0.05, and N.S. indicates no significance by one-way ANOVA.](JEM_20180661_Fig5){#fig5}

To test the therapeutic efficacy of Wnt5a in vivo, Wnt5a was administered on day 41, when metastatic bone tumors were observed in most of the mice according to the bioluminescent imaging (BLI) signals ([Fig. 5 A](#fig5){ref-type="fig"}). As shown in [Fig. 5 (A--F)](#fig5){ref-type="fig"}, administration of Wnt5a on day 41 had no significant effect on bone metastatic tumor compared with the control groups. In intratibial injection model, the left tibial bone of the mice was injected with PC-3 cells to form bone tumors around 21 d, according to the BLI signals ([Fig. 5 G](#fig5){ref-type="fig"}). Then, the left tibia was shielded to avoid the effect of the established BLI signal in the left tibia on the BLI signal of the right tibiae when the right tibiae were injected with the same number of PC-3 cells on day 25 ([Fig. 5 G](#fig5){ref-type="fig"}). Wnt5a was injected daily through the lateral tail vein before 3 d of cell injection into the right tibia ([Fig. 5 G](#fig5){ref-type="fig"}). Interestingly, we found that Wnt5a treatment resulted in significant reduction in tumor burden of right tibia compared with that in the left tibia on day 46 ([Fig. 5, G--K](#fig5){ref-type="fig"}). We posited that this may be due to the phenomenon of the "vicious cycle," namely the formation of metastatic bone tumors resulted in the release of several cytokines from the bone matrix during lysis, particularly TGF-β, promoting the proliferation and survival of tumor cells within bone microenvironment ([@bib24]; [@bib15]). To confirm this hypothesis, three different treatment regimens, including Wnt5a, TGF-β receptor 1 inhibitor SD208, and Wnt5a + SD208, were administered on day 41 after formation of osteolytic bone tumors. After 6 wk of treatment, Wnt5a with SD208 significantly reduced the osteolytic area compared with Wnt5a treatment alone ([Fig. 5, L--P](#fig5){ref-type="fig"}). However, Wnt5a + SD208 did not exhibit more efficacy than SD208 alone ([Fig. 5, L--P](#fig5){ref-type="fig"}). Thus, these findings indicate that Wnt5a inhibits bone metastasis of PCa cells in a preventive manner in vivo.

Dormant cells induced by Wnt5a exhibit resistance to docetaxel {#s07}
--------------------------------------------------------------

Since dormant cells are known for their resistance against drug treatment, we further investigated the effect of chemotherapy on Wnt5a-induced dormant cells in bone using docetaxel, the most commonly used drug for the treatment of bone metastatic PCa ([@bib4]; [@bib73]). First, antimetastatic efficacy of docetaxel in bone metastasis of PCa was demonstrated by the finding that the tumor burden of mice treated with docetaxel was significantly reduced compared with that in the vehicle ([Fig. 6, A--E](#fig6){ref-type="fig"}). Next, the effect of docetaxel on dormant PCa cells was further investigated. As shown in [Fig. 6 (F--I)](#fig6){ref-type="fig"}, the tibiae of the mice cotreated with docetaxel and Wn5a did not show the developed bone metastasis and displayed a similar number of double DiD^+^/luciferase^+^ tumor cells, compared with that in the mice treated with Wnt5a alone. Importantly, removal of both docetaxel and Wn5a on day 57 resulted in quick development of bone tumors on day 100, which was also observed in the mice removed of Wnt5a ([Fig. 6, J--N](#fig6){ref-type="fig"}). Collectively, these results further supported the notion that PCa cells entered into a dormant state in bone in the presence of Wnt5a and survived under treatment of docetaxel.

![**Dormant PCa cells induced by Wnt5a exhibited resistance to docetaxel in vivo. (A)** Representative BLI signal of bone metastasis in the vehicle (0.9% NaCl solution; *n* = 9) or docetaxel-treated mice groups (*n* = 9). **(B)** Representative radiographical images of osteolytic bone tumors in the indicated mice. Bars, 4 mm. **(C)** Representative H&E-stained sections of tibiae in the indicated groups (T, tumor; N, the adjacent nontumor tissues). Bars, 500 µm (40×) and 100 µm (200×). **(D)** The sum of bone metastasis scores in the tibiae of the indicated groups. Mean ± SEM; \*, P \< 0.05 by unpaired *t* test. **(E)** Histomorphometric analysis of bone osteolytic areas in the tibiae of the indicated mice groups. Mean ± SEM; \*, P \< 0.05 by unpaired *t* test. **(F)** A schematic model illustrated time points and duration of Wnt5a (*n* = 10) or docetaxel (*n* = 10) administration. **(G)** Confocal microscope of tibiae in the indicated groups. Bars, 50 µm (400×) and 20 µm (ROI). **(H)** Representative radiographical images of osteolytic bone tumors in the indicated groups. Scale bar, 4 mm. **(I)** The quantification of double DiD^+^ and luciferase^+^ cells in the indicated groups. Mean ± SEM indicates no significance by unpaired *t* test. **(J)** A schematic model illustrated the time points and duration of administration or removal of Wnt5a or docetaxel. **(K)** Representative radiographical images of osteolytic bone tumors in the indicated mice. Bars, 4 mm. **(L)** Representative H&E-stained sections of tibiae from the indicated mice. Bars, 500 µm. **(M)** The sum of bone metastasis scores in the tibiae of the mice groups of removing Wnt5a + docetaxel (*n* = 10) or Wnt5a alone (*n* = 10). Mean ± SEM indicates no significance by unpaired *t* test. **(N)** Histomorphometric analysis of bone osteolytic areas in the tibia of the indicated mice groups. Mean ± SEM. N.S. indicates no significance by unpaired *t* test.](JEM_20180661_Fig6){#fig6}

Wnt5a inhibits Wnt/β-catenin signaling independent of Wnt/Ca^2+^ pathways {#s08}
-------------------------------------------------------------------------

Wnt5a represses canonical Wnt activity in different species ([@bib64]; [@bib29]; [@bib19]). Thus, we further investigated whether Wnt5a inhibited Wnt/β-catenin signaling in PCa cells. As shown in [Fig. 7 (A--C)](#fig7){ref-type="fig"}, Wnt5a reduced the total expression and nuclear translocation of β-catenin, TOP/FLASH activity, and downstream target genes expression in the absence or presence of Wnt3a stimulation. Wnt5a has been identified to be involved in the stimulation of intracellular Ca^2+^ release and can activate several noncanonical Wnt pathways, including protein kinase C (PKC), CaMKII, and NF-AT, all of which can inhibit canonical Wnt/β-catenin signaling via varying mechanisms ([@bib29]; [@bib53]; [@bib63]). FACS analysis showed that Wnt5a remarkably increased the influx of Ca^2+^ in PC-3 cells (Fig. S3 A). We further determined which Ca^2+^-dependent noncanonical Wnt signaling is required for β-catenin decrement by Wnt5a and found that Wnt5a increased the transcriptional activity of NF-AT and p-CaMKII expression, but not p-PKC expression (Fig. S3, B and C). We further treated PC-3 cells with Cyclosporin A (CsA), a specific inhibitor of calcineurin, or KN93, an inhibitor that blocks the binding of calmodulin to the kinase, and found that inhibition of calcineurin or CaMKII activity did not rescue the Wnt/β-catenin activity repressed by Wnt5a (Fig. S3, D and E). Functional experiments revealed that Wnt5a inhibited the number of Ki-67^+^ cells independent of NF-AT or CaMKII signaling (Fig. S3 F). There results indicate that NF-AT and CaMKII activity are not essential for Wnt5a-induced β-catenin repression and low growth in PCa cells.

![**Wnt5a inhibited canonical Wnt/β-catenin signaling via inducing SIAH2 expression. (A)** Total and nuclear expression of β-catenin in the indicated PC-3 cells. α-Tubulin and p84 were used as total and nuclear loading controls, respectively. The experiment was independently performed three times. **(B)** The TOP/FLASH reporter activity in the indicated PC-3 cells. Mean ± SD; \*\*, P \< 0.01 by one-way ANOVA. **(C)** Real-time PCR results of the multiple downstream target genes of β-catenin signaling in the indicated PC-3 cells. Pseudo-color scale values were log2 transformed. Transcript levels were normalized by GAPDH expression. The experiment was independently performed three times. **(D)** The effects of epoxomicin (100 nM; 8 h) on TOP/FLASH reporter activity and endogenous β-catenin expression. α-Tubulin served as the loading control. Mean ± SD. **(E)** Real-time PCR and Western blot analysis of SIAH1 and SIAH2 mRNA and protein expression in Wnt5a-treated PCa cells (200 ng/ml). Transcript levels were normalized to GAPDH. α-Tubulin served as the loading control. Mean ± SD; \*, P \< 0.05, and N.S. means no significance by unpaired *t* test. **(F)** Western analysis of the effect of ΔSIAH2 on TOP/FLASH activity and β-catenin expression in the indicate cells. α-Tubulin was used as the loading control. Mean ± SD. **(G)** Western analysis of the effect of ΔEbi on TOP/FLASH activity and β-catenin expression in the indicate cells. α-Tubulin was used as the loading control. Mean ± SD.](JEM_20180661_Fig7){#fig7}

Wnt5a inhibits Wnt/β-catenin signaling independent of GSK-3β {#s09}
------------------------------------------------------------

As proteasome-mediated degradation of β-catenin has been reported to be a primary mechanism contributing to β-catenin degradation ([@bib25]), a proteasome inhibitor, epoxomicin, was used to block proteasome-mediated protein degradation ([@bib38]). As shown in [Fig. 7 D](#fig7){ref-type="fig"}, Wnt/β-catenin activity repressed by Wnt5a was obviously inhibited in cells treated with epoxomicin, indicating that Wnt5a inhibits β-catenin via a proteasome-mediated mechanism. As proteasome-mediated degradation of β-catenin phosphorylated by GSK-3β has been reported to be a primary mechanism contributing to β-catenin degradation ([@bib25]), we further investigated whether inhibition of canonical Wnt/β-catenin signaling by Wnt5a depends on GSK-3β. As shown in Fig. S3 G, Wnt5a was still able to inhibit Wnt/β-catenin activity in the presence of lithium chloride (LiCl), a specific inhibitor of GSK-3β. Therefore, it is conceivable that Wnt5a is able to decrease the expression of mutant β-catenin, Δβ-catenin, which lacks amino acids 29--48 that contain the GSK-3 phosphorylation sites required for β-catenin degradation (Fig. S3 H; [@bib61]). Collectively, these results indicate that inhibition of β-catenin expression by Wnt5a was independent of GSK-3β, as well as suggest that another proteasome-mediated degradation mechanism of β-catenin is involved in β-catenin degradation.

Wnt5a inhibits Wnt/β-catenin signaling via inducing SIAH2 {#s10}
---------------------------------------------------------

As shown above, Wnt5a induces mutant β-catenin degradation in PC-3 cells, and studies have demonstrated that mutant β-catenin can be targeted for proteasome-mediated degradation through the E3 ubiquitin ligase complex containing SIAH1 or 2, APC, and Ebi, but not GSK-3β or β-TrCP ([@bib32]; [@bib37]). Therefore, we further examined whether SIAH activity is required for Wnt5a-induced β-catenin degradation. As shown in [Fig. 7 E](#fig7){ref-type="fig"}, Wnt5a only increased SIAH2 expression. Importantly, a dominant negative SIAH2 (ΔSIAH2) rescued Wnt/β-catenin activity repressed by Wnt5a ([Fig. 7 F](#fig7){ref-type="fig"}). As it has been demonstrated that Siah promotes β-catenin degradation requiring Ebi activity ([@bib32]; [@bib37]), the role of Ebi in SIAH2-induced degradation of β-catenin was investigated using Ebi(ΔF), a mutant Ebi lacking the F box domain required for association with Skp1 and β-catenin. As shown in [Fig. 7 G](#fig7){ref-type="fig"}, Ebi(ΔF) obviously prevented Wnt5a-induced inhibition of Wnt/β-catenin activity. Meanwhile, ΔSIAH2 or ΔEbi abrogated the roles of Wnt5a in inducing the dormancy of PCa cells in vitro (Fig. S4, A--E) and in vivo (Fig. S4, F--I). Collectively, these results indicate that Wnt5a promotes the degradation of β-catenin by inducing SIAH2 in PCa cells.

ROR2 is essential for Wnt5a-induced dormancy {#s11}
--------------------------------------------

Wnt5a inhibits Wnt3a-induced Wnt signaling via inducing SIAH2 expression in a ROR2-dependent manner ([@bib39]). Therefore, we further evaluated whether silencing *ROR2* abrogates Wnt5a-induced dormancy in bone metastasis ([Fig. 8, A and B](#fig8){ref-type="fig"}). As shown in [Fig. 8 (C and D)](#fig8){ref-type="fig"}, silencing *ROR2* reversed the inhibitory effects of Wnt5a on Wnt/β-catenin activity. Importantly, silencing ROR2 reduced the number of DiD^+^ cells maintained by Wnt5a in vitro and double DiD^+^ and luciferase^+^ cells in vivo, as well as attenuated the inhibitory effect of Wnt5a on osteolytic bone tumors in vivo ([Fig. 8, E--J](#fig8){ref-type="fig"}). Thus, these results indicate that ROR2 is essential for Wnt5a-induced dormancy of PCa cells in bone.

![**ROR2 was essential for Wnt5a-induced dormancy. (A and B)** Real-time PCR and Western blot analysis of ROR2 expression in the indicated PCa cells. Transcript levels were normalized by GAPDH expression. α-Tubulin served as the loading control. Mean ± SD; \*, P \< 0.05 by one-way ANOVA. **(C and D)** The effect of ROR2 silencing on TOP/FLASH reporter activity and endogenous β-catenin expression. Transcript levels were normalized to GAPDH. α-Tubulin served as the loading control. Mean ± SD; \*, P \< 0.05 by one-way ANOVA. **(E)** Immunofluorescent staining of Ki-67 and DiD in the indicated cells. Bars, 30 µm. **(F)** The quantification of Ki-67^+^ and DiD^+^ cell number in the indicated groups. Mean ± SD; \*, P \< 0.05 by unpaired *t* test. **(G)** Confocal microscope of tibiae in the indicated mice groups. Bars, 50 µm (400×) and 20 µm (ROI). **(H)** Representative radiographical images of bone metastases in the indicated mice. Bars, 4 mm. **(I)** The quantification of double DiD^+^ and luciferase^+^ cells in the indicated mice groups. Mean ± SEM; \*, P \< 0.05 by unpaired *t* test. **(J)** The sum of bone metastasis scores in the tibia of the Wnt5a treatment (*n* = 9) and Wnt5a treatment + ROR2-silenced (*n* = 11) mice groups. Mean ± SEM \*, P \< 0.05 by unpaired *t* test.](JEM_20180661_Fig8){#fig8}

Clinical relevance of Wnt5a/ROR2/SIAH2 signaling in clinical PCa samples {#s12}
------------------------------------------------------------------------

The clinical relevance of the Wnt5a/ROR2/SIAH2 signaling axis were first investigated in a large number of clinical PCa tissues and metastatic bone tissues. As shown in [Fig. 9 A](#fig9){ref-type="fig"} and Fig. S5 A, Wnt5a expression in metastatic bone tissues (BM) was significantly higher than that in primary PCa tissues with bone metastasis (PCa/BM) and that in primary PCa tissues without bone metastasis (PCa/nBM), but no significant difference was found between PCa/nBM and PCa/BM. Furthermore, expression of ROR2 and SIAH2 was decreased in PCa/BM and BM compared with those in PCa/nBM, and nuclear β-catenin level was gradually increased in PCa/nBM, PCa/BM, and BM ([Fig. 9 A](#fig9){ref-type="fig"} and Fig. S5 A). Of note, there was no significant difference in ROR2 expression between PCa/BM and BM ([Fig. 9 A](#fig9){ref-type="fig"} and Fig. S5 A). This finding suggested that low expression of ROR2 may be an early event, which occurred in primary PCa tissues before tumor cells arrive in the bone. Statistical analysis revealed that nuclear β-catenin level was positively correlated with bone metastasis status and poor bone metastasis--free survival in PCa patients, but ROR2 expression was inversely correlated this, whereas SIAH2 and Wnt5a expression had no significant association with bone metastasis--free survival in PCa patients ([Fig. 9, B and C](#fig9){ref-type="fig"}; and Fig. S5, B and C). Notably, although ROR2 and SIAH2 expression were found to be up-regulated in PCa/nBM, compared with those in PCa/BM, and overexpression of ROR2 and SIAH2 were significantly correlated with bone metastasis status ([Fig. 9, A and B](#fig9){ref-type="fig"}; and Fig. S5, A and B), only ROR2 expression was significantly and strongly associated with bone metastasis--free survival in PCa patients ([Fig. 9 C](#fig9){ref-type="fig"}). This may be explained by the possibility that the Wnt5a level secreted by primary PCa cells might be not enough to dramatically activate ROR2/SIAH2 signaling compared with that in the osteoblastic niche, suggesting that the Wnt5a/ROR2/SIAH2 axis plays a more important role in inducing dormancy of PCa cells in bone microenvironment than that in the primary PCa microenvironment. Meanwhile, our findings also indicate that ROR2 could be used be as a reliable biomarker in predicting bone metastasis in PCa patients compared with SIAH2 or Wnt5a. Importantly, we found that BM with low levels of ROR2 and SIAH2 exhibited high nuclear β-catenin level ([Fig. 9 A](#fig9){ref-type="fig"}), indicating that reduced ROR2 disrupts Wnt5a/SIAH2 signaling, which results in activation of canonical Wnt/β-catenin signaling, consequently promoting the development of osteolytic tumors in bone.

![**Clinical relevance of Wnt5a/ROR2/SIAH2 signaling in clinical PCa samples. (A and B)** IHC staining of Wnt5a, ROR2, SIAH2, and nuclear β-catenin expression in representative samples of PCa tissues without bone metastasis (PCa/nBM; *n* = 134), PCa tissues with bone metastasis (PCa/BM; *n* = 97), and metastatic bone tissues (BM; *n* = 11) were shown. Bars, 50 µm. **(B)** Percentage of samples showing low or high expression levels of ROR2 or nuclear β-catenin intensity in PCa/nBM or PCa/BM tissues. P \< 0.001 by χ^2^ test. **(C)** Kaplan--Meier analysis of bone metastasis--free survival curves in PCa patients with low ROR2 or nuclear β-catenin expression versus high ROR2 or nuclear β-catenin expression. **(D)** Western blotting analysis of ROR2 expression in primary PCa cells. α-Tubulin served as the loading control. The experiment was independently performed three times. **(E)** Expression of SIAH2 and β-catenin in response to Wnt5a (200 ng/ml) treatment in primary PCa cells. α-Tubulin was used as the loading controls. The experiment was independently performed three times. **(F)** Schematic model for Wnt5a-induced dormancy of PCa cells in bone.](JEM_20180661_Fig9){#fig9}

To further determine the clinical significance of Wnt5a/ROR2/SIAH2 signaling axis, primary PCa cells recovered from clinical PCa tissues were first isolated. Only the tissues with \<15% of contaminating benign cells by H&E staining were used for the establishment of primary PCa cells (Fig. S5 D). After isolation, primary PCa cells were generated by co-culturing with the feeder cells (irradiated 3T3 mouse fibroblasts) in the presence of a Rho-associated protein kinase inhibitor (Fig. S5, E and F), and further evaluated via examining expression of several prostate-associated or epithelial proteins (Fig. S5 G). To evaluate Wnt5a/ROR2/SIAH2 signaling pathway in primary PCa cells, ROR2 expression was first examined. As shown in [Fig. 9 D](#fig9){ref-type="fig"}, ROR2 expression was detectable in three of four primary PCa cells. We further treated the primary PCa cells with Wnt5a and found that Wnt5a differentially up-regulated SIAH2 expression and reduced β-catenin expression in three independent primary PCa cells that expressed relatively higher levels of ROR2 ([Fig. 9 E](#fig9){ref-type="fig"}). Therefore, our results provide clinical evidence that Wnt5a could activate ROR2/SIAH2 signaling in primary PCa cells isolated from clinical PCa samples. Collectively, our results indicate that Wnt5a from osteoblastic niche suppresses canonical Wnt/β-catenin signaling dependent on SIAH2/ROR2 signaling, which ultimately induces dormancy of PCa cells in bone ([Fig. 9 F](#fig9){ref-type="fig"}).

Discussion {#s13}
==========

The dormant state of metastatic cells is under precise control of microenvironment within the metastasized organs ([@bib1]). Several secretory factors from the tumor microenvironment play important roles in the induction of cancer cell dormancy ([@bib26]; [@bib21]). After arrival in bone under CXCR4/CXCR12 signaling, tumor cells compete with HSCs and finally colonize in the location previously occupied by HSCs in the osteoblastic niche ([@bib55]; [@bib31]). Importantly, Wnt5a maintains HSCs in a quiescent G~0~ state ([@bib41]), suggesting that Wnt5a may be implicated in the cell dormancy. Here, our results demonstrated that Wnt5a from osteoblastic niche contributed to the dormancy of PCa cells in bone. This finding, in combination with other studies ([@bib26]; [@bib21]), elucidates the critical roles of tumor microenvironment in induction and maintenance of cell dormancy.

Osteoblastic niche is a highly Wnt5a-containing compartment in the physiological condition ([@bib35]; [@bib57]). Importantly, Wnt5a has been reported to maintain HSCs in a quiescent G~0~ state ([@bib41]). Therefore, it is conceivable that arrival of PCa cells into the osteoblastic niche confronts a microenvironment with high levels of Wnt5a and is prone to enter a dormant state within the niche, as demonstrated by our results that systemic administration of Wnt5a that repressed canonical Wnt/β-catenin signaling via activation of ROR2/SIAH2 signaling maintained the dormant state of PCa cells in vivo. In fact, suppression of Wnt/β-catenin signaling has been demonstrated to be an early event to maintain and induce metastatic dormancy of cancer cells ([@bib36]), which further supports our findings. Strikingly, Wnt5a expression is significantly decreased in aged mice ([@bib49]). These findings may partially explain that the appearance of metastatic bone tumors after several years of PCa diagnosis may be associated with a loss of Wnt5a with aging. However, further studies are necessary to confirm this hypothesis.

Wnt5a not only plays critical roles in a myriad of developmental processes ([@bib71]; [@bib42]), but is also implicated in multiple human malignancies ([@bib28]; [@bib60]). Compared with the relatively explicit role of Wnt5a in breast cancer (tumor suppressor; [@bib20]; [@bib7]) and melanoma (tumor promotor; [@bib68]; [@bib11]), its role in PCa remains ambiguous ([@bib72]; [@bib58]; [@bib59]; [@bib62]). Controversial roles of Wnt5a in cancer may be explained by the study from Mikels and Nusse that receptor context governed Wnt signaling output; namely, signaling initiated by Wnt5 is not intrinsically regulated by Wnt5a itself but by receptor availability, which may produce totally different biological roles even in the same type of cancer ([@bib39]). Indeed, overexpression of Wnt5a enhanced invasion activity of PCa cells, which required FZD2 and ROR2 as Wnt receptors ([@bib72]); moreover, Thiele reported that Wnt5a functioned as a tumor suppressor via binding to FZD5 ([@bib62]). In this study, we found that the inducible role of Wnt5a in dormancy of PCa cells is dependent on ROR2 expression. Through immunohistochemical (IHC) analysis in PCa tissues, we found that ROR2 expression was dramatically down-regulated in PCa/BM, compared with PCa/nBM, but there was no significant difference compared with BM. Importantly, ROR2 expression negatively correlated with poor bone metastasis--free survival in PCa patients. This finding indicated that ROR2 expression was already reduced in primary PCa tissues before implanting in bone; namely, the expression level of ROR2 in primary PCa tissues may determine the fate of PCa cells colonized in bone. As the samples of metastatic bone tissues analyzed in this study were limited, a more solid conclusion will be warranted in a larger series of studies.

The previous study has demonstrated that increased Wnt5a in PC-3 cells dramatically reduced the tumor burden in bone ([@bib62]). Consistently, systemic administration of Wnt5a induced the dormancy of PCa cells in bone and meanwhile inhibited the formation of metastatic bone tumor in vivo in a preventive protocol. However, injection of Wnt5a at week 7 did not reduce the tumor burden. Indeed, [@bib36] stated that Wnt activation is an early event in the eventual outgrowth of metastatic lesions. This paradoxical effect of Wnt5a on bone metastasis of PCa may be associated with the "vicious cycle" that gave rise to the net results of Wnt5a administration showing no significant difference, compared with the control groups, after the bone tumor formed. Our results further demonstrated that administration of Wnt5a with SD208 significantly reduced the osteolytic area compared with Wnt5a treatment alone. However, Wnt5a + SD208 did not exhibit more efficacy than SD208 alone. Therefore, our results provide evidence that in PCa patients without metastatic bone tumors at the onset of diagnosis, administration of Wnt5a might be useful as a prophylactic avenue to maintain tumor cells indefinitely in a dormant state. However, for those PCa patients with metastatic bone tumors at first diagnosis, Wnt5a does not show significant efficacy on osteolytic bone tumors, even in combination with SD208, suggesting that Wnt5a inhibits the bone metastasis of PCa in a preventive manner.

A cure for bone metastasis cannot be achieved until the fundamental drivers of bone metastasis, particularly the drivers for cells survival during dormancy or exit from this state, are discovered ([@bib16]). This study is the first, to the best of our knowledge, to investigate of the role of Wnt5a in vivo and demonstrate the inducible role of Wnt5a in the dormancy of tumor cells in bone. Increasing interest in cancer dormancy has primarily lied in metastatic behavior of cancer, which contributes to the vast majority of cancer-related deaths ([@bib45]). In this scenario, the existence of dormant disseminated cells has been recognized in cancer patients in whom dormancy renders tumor cells resistant to anti-tumor therapies, which has been demonstrated by our and other studies ([@bib17]; [@bib14]). Once the dormant state is disrupted, cells will proliferate unlimitedly, resulting in the decline of patient survival. Thus, exploration of the molecular target that maintains tumor cell dormancy, such as Wnt5a identified in this study, will be beneficial for patient survival. In fact, the potential that Wnt5a may be used in the clinic presents a promising prospect, because Wnt5a has been used as an efficient and safe therapeutic method in Parkinsonian mice ([@bib46]) and even in the metastatic spread of PCa in an orthotopic mouse model ([@bib8]).

Limitations of our study should be noticed when interpreting and extrapolating our data. Wnt5a should be tested in other osteotropic cancer entities. Additionally, a more ideal model system should be used if possible, preferably an intraprostatic injection mouse model. Finally, the functional domain of Wnt5a needs to be further identified.

In summary, a new approach to confine cancer cells in the state of perpetual dormancy is presented in our study. Activation of SIAH2/ROR2 signaling by Wnt5a induces the dormancy of PCa cells and prevents the formation of metastatic bone tumor. Therefore, it is likely that Wnt5a will be an optimal anti-bone metastatic strategy for PCa patients, especially the ones without bone metastasis at first diagnosis, in the future.

Materials and methods {#s14}
=====================

Cell culture {#s15}
------------

The human PCa cell lines PC-3 derived from metastatic bone site, mouse preosteoblastic cell line MC3T3-E1, and human osteoblast cells (hFOB1.19) were obtained from the Shanghai Chinese Academy of Sciences cell bank (Shanghai, China). PC-3 was cultured in RPMI-1640 medium (c11875500bt; GIBCO) supplemented with 10% FBS (10099-141; GIBCO), MC3T3-E1 in Alpha Minimum Essential Medium (A1049001; GIBCO), and hFOB1.19 in F-12 medium (12400024; GIBCO). The LNCaP-derived bone metastatic cell line C4-2B was purchased from MD Anderson Cancer Center and maintained in T-medium (A1048501; GIBCO) supplemented with 10% FBS ([@bib70]). BMSCs were purchased from ATCC and cultured according to the ATCC protocol. All cell lines were grown under a humidified atmosphere of 5% CO~2~ at 37°C, except for hFOB1.19 at 33.5°C. For the transwell co-culture model, different densities of PCa cells were seeded on the lower chamber of 6-well plate according to the requirements of different assays, and the culture insert with 0.4-µm pore size (3412; Corning) was placed on the top of each well followed by seeding with 5 × 10^5^ osteoblasts in the upper chamber of transwell.

Isolation and culture of primary osteoblasts and associated assays {#s16}
------------------------------------------------------------------

Primary osteoblasts were obtained from the calvaria of neonatal rats (2--3 d old). The detailed procedures were performed as follows: five neonatal rats were sacrificed and sterilized with 75% ethanol two times; the cadaver of the rat was placed in a large Petri dish; the head was removed using large scissors; the head was grasped at the nape of the neck, and a small incision was made along the base of the skull (small scissors make the cleanest cut); the skin and the brain tissue were carefully removed from the skull using a scalpel and tweezer; the jaw was cut away, and any excess tissue and cartilage were scraped off from around the edge of the calvaria; the calvaria was cut in half, placed in a 15-ml conical base centrifuge tube, and washed with 1× PBS three times; the calvaria was incubated in 1% trypsin (1 ml/calvarial bone) for 10 min at 37°C and removed, and the trypsin solution was discarded and washed in supplemented DMEM (sDMEM) two times (serum and calcium in the medium will inactivate any residual trypsin), incubated in 0.2% collagenase solution (800 µl/calvarial bone) for 30 min at 37°C, and then the collagenase digest was removed and discarded and then replaced with fresh collagenase solution for a further 60 min at 37°C; the final digest was kept and transferred to a 15-ml conical base centrifuge tube; calvaria was washed with sDMEM (5 ml) two times, and the solution was transferred to the 15-ml tube containing the final digest; the cell solution was spun at 1,500 *g* for 5 min at room temperature, the supernatant was discarded, and the cell pellet was resuspended in sDMEM (1 ml/calvarial bone); the cell suspensions were transferred to 2 × 75--cm^2^ flask, and then 20 ml of sDMEM and 1 ml of cell suspension were added to the flask; the flask was incubated under a humidified atmosphere of 5% CO~2~ at 37°C until the cells reached 80∼90% confluency (∼3 d) for use.

Bone formation assay was performed in 24-well tissue culture trays at a density of 2.5 × 10^4^ cells/well in osteogenesis DMEM, and the cell number was counted using a hemocytometer. Half of the medium was exchanged every 2--3 d. The cell layers of osteoblast were observed by phase contrast microscopy on days 1, 3, 7, and 14, respectively. For alizarin red and alkaline phosphatase (ALP) staining, the cell layers were carefully washed with PBS and then trypsinized, and the cells were transferred to 2.5% glutaraldehyde fixative for 5 min, washed three times with 70% ethanol, and left to air dry; alizarin red (a5533; Sigma) staining for 5 min was followed by three washes with 50% ethanol and left to air dry; ALP (D001-2; Jiancheng BioTech) staining was performed for ∼30 min in the dark; primary osteoblasts were washed with dH~2~O and left to air dry. For May-Grunwald and Giemsa (MGG) staining, the cell layers were washed with PBS after proliferating to 80--90% confluence, May-Grunwald (63590; Sigma) staining was performed for 10 min, and Giemsa (Sigma; 48900) staining was performed for 20 min, followed by three washes with 50% ethanol and left to air dry. Osteoblast were stained with ALP and MGG on day 3 and alizarin red on day 21 to demonstrate calcium.

sDMEM, osteogenesis DMEM, collagenase solution, 2.5% glutaraldehyde fixative, and alizarin red and ALP staining buffer were prepared as previously described ([@bib43]).

Patients, tissue processing, and establishment and characterization of primary PCa cells {#s17}
----------------------------------------------------------------------------------------

Patient consent and approval from the Institutional Research Ethics Committee from The First Affiliated Hospital of Sun Yat-sen University were obtained before the use of these clinical materials for research purposes, and the approval number was \[2014\]A-011. A total of 231 paraffin-embedded, archived PCa tissues, including 97 primary PCa tissues with bone metastasis and 134 PCa tissues without bone metastasis, and 11 metastatic bone tissues were obtained during surgery or needle biopsy between January 2012 and May 2017 and were diagnosed based on clinical and pathological evidence. The clinicopathological features of the 231 PCa patients are summarized in Table S1.

A total of 17 fresh PCa tissues were collected via radical prostatectomy between May and June 2018. Then, a cylinder shaped core of prostate tissue (8-mm diameter) was cored out of the section of PCa tissue that was determined by an experienced pathologist, based on the appearance of PCa tissues. The cored PCa tissues were then bisected: one half was used to evaluate the ratio of benign and malignant cells in the parental tissue of PCa using H&E staining; the other half of the PCa tissues were frozen at this stage. Only the tissues with \<15% of contaminating benign cells by H&E staining were used for the establishment of primary PCa cells. According to this criterion, only six PCa tissues were available for isolation of primary PCa cells. The tissues were first mechanically and enzymatically dissociated. Once the primary PCa cells were isolated from the PCa tissues with collagenase treatment, they were co-cultured with irradiated Swiss 3T3 J2 mouse fibroblasts feeder cells (J2 strain) in F-medium (3:1 \[vol/vol\] F-12 Nutrient Mixture \[Ham\]: DMEM \[Invitrogen\], 5% FBS, 0.4 µg/ml hydrocortisone, 5 µg/ml insulin, 8.4 ng/ml cholera toxin, 10 ng/ml EGF, and 24 µg/ml adenine) supplemented with 10 µM Rho-associated protein kinase inhibitor (Y-27632; Enzo Life Sciences) until the experiments. Differential trypsinization was used to separate the feeder cells from the primary PCa cells during passaging and seeding of the primary PCa cells. Primary PCa cells were successfully generated in four out of six candidate PCa tissues.

RNA extraction, reverse transcription, and real-time PCR {#s18}
--------------------------------------------------------

Total RNA from cells was extracted using the TRIzol reagent (Invitrogen) according to the manufacturer's instruction. The extracted RNA was pretreated with RNase-free DNase, and 2 µg of RNA from each sample was used for cDNA synthesis, primed with random hexamers. cDNA was amplified and quantified using a CFX 96 real-time system (Bio-Rad) with iQ SYBR green (Takara) according to the manufacturer's instructions. Expression levels of various genes were normalized to housekeeping gene GAPDH as controls. The sequences of each primer were provided below. Gene expression data were analyzed using the comparative Ct method (2^-ΔΔCt^).

Luciferase assay {#s19}
----------------

Cells were plated in 24-well plates, proliferating to 60--80% confluence after 24 h of culture, and the reporter plasmids plus 1 ng pRL-TK *Renilla* plasmid (E2241; Promega; original cloned from the marine organism *Renilla reniformis*) were transfected into cells using Lipofectamine 3000 (Life Technologies). 48 h after transfection, the transfection medium was replaced with fresh RPMI-1640 medium; cells were harvested and washed with PBS and lysed with passive lysis buffer (Promega). The cell lysates were analyzed immediately using Synergy 2 microplate system (BioTek). Luciferase and *Renilla* luciferase were measured using a Dual-Luciferase Reporter Assay System (Promega) according to the manufacturer's instructions. The luciferase activity of each lysate was normalized to *Renilla* luciferase activity.

Western blot {#s20}
------------

Cells were lysed in radioimmunoprecipitation buffer (50 mM Tris, pH 7.4, 1% TX-100, 0.2% Na deoxycholic acid, and 0.2% SDS, HALT complete tab; Roche). Proteins were quantified using the Pierce BCA Protein Assay kit (Thermo Fisher Scientific). Equal amounts of protein were loaded per lane and resolved by SDS-polyacrylamide electrophoresis. Proteins were transferred by semi-dry electrophoresis (Bio-Rad) onto polyvinylidene fluoride (Millipore) and blocked by 5% nonfat milk for 1 h at room temperature. Membranes were incubated overnight at 4°C with anti-cyclin D1, cyclin E1 (Cyclin Antibody Sampler kit; 9869), p21 (2947), p27 (3686), p-CaMKII (12716), p-PKC (9375; Cell Signaling Technology), β-catenin (66379), CK8 (17514-1-AP), CK18 (10830-1-AP), and PSA (10679-1-AP; Proteintech), SIAH1 (SAB1404370), SIAH2 (S 7945), ROR2 (SAB1412202), and AR (5153; Sigma) or p84 (ab102684; Abcam). Membranes were washed thrice (10 min each) in Tis-HCl buffered saline-tween and incubated for 40 min at room temperature with horseradish peroxidase--conjugated anti-mouse or anti-rabbit secondary antibodies (GE Healthcare). Membranes were washed thrice (10 min each) in Tris-HCl--buffered saline-tween and developed on film with the electrochemiluminescence system. The membranes were stripped and reprobed with an anti--α-tubulin antibody (2125; Cell Signaling Technology) as the loading control. Nuclear/cytoplasmic fractionation was separated using the Cell Fractionation kit (Cell Signaling Technology) according to the manufacturer's instructions.

MTT assay {#s21}
---------

Cells were seeded into 96-well plates in triplicate at the initial density of 0.2 × 10^4^ cells/well, and Wnt5a was added every 12 h for 6 d. At various time points, groups of cells were incubated with 100 µl of 0.5 mg/ml sterile MTT (3-\[4, 5-dimethyl-2-thiazolyl\]-2, 5-diphenyl-2H-tetrazolium bromide; Sigma) for 4 h at 37°C. The culture medium was then removed, and 150 µl of DMSO (Sigma) was added. The absorbance values were measured at 570 nm, using 655 nm as the reference wavelength.

Cell cycle analysis {#s22}
-------------------

After co-culture with osteoblasts in a transwell plate, cultured in the conditioned medium or Wnt5a treatment, cell cycle analysis were performed using Cell Cycle Detection kit (KeyGEN) according to the manufacturer's instructions. PCa cells were harvested by trypsinization, washed in ice-cold PBS and fixed in 75% ice-cold ethanol in PBS. Before staining, cells were gently resuspended in cold PBS, and ribonuclease was added into cells' suspension tube, incubated at 37°C for 30 min, followed by incubation with propidium iodide for 20 min at room temperature. Cell samples were then analyzed by FACSCanto II flow cytometer (Becton, Dickinson, and Company), and the data were analyzed using FlowJo 7.6 software (TreeStar Inc.).

ELISA {#s23}
-----

Wnt5a, Wnt5b, Wnt11, and Wnt16 were measured by Wnt5a (CSB-EL026138), Wnt5b (CSB-EL026139), Wnt11 (CSB-EL026131), and Wnt16 (CSB-EL026132) ELISA kits (CUSABIO) following the manufacturer's instruction, respectively.

FACS analysis {#s24}
-------------

After co-culture with osteoblasts in a transwell plate, cultured in the conditioned medium or Wnt5a treatment, PCa cells were stained with mouse anti-human FITC-conjugated Ki-67 and 7-AAD (BD Biosciences). G~0~/G~1~ cells were gated and analyzed for the percentage of cells that were in the G~0~ phase, defined as Ki-67^−^. Cells were fixed for nuclear staining by using Cytofix/Cytoperm buffer according to the manufacturer's instructions (BD Biosciences).

Flow cytometry for intracellular calcium {#s25}
----------------------------------------

Levels of intracellular calcium concentration in PC-3 cells were measured by flow cytometry. Fluo 3-AM, one of the most suitable Ca2^+^ indicators, was obtained from Dojindo. Flow cytometry was performed using an Accuri C6 flow cytometer (BD Biosciences) and analyzed by FlowJo 7.6 software (TreeStar Inc.). In brief, PC-3 cells were grown on 3.5-cm dishes in medium containing 10% FBS in the presence of Wnt5a or control. The cells were washed with HBSS three times. Cells were loaded with 1 ml HBSS containing 5 µmol/liter Fluo 3-AM and incubated at 37°C for 30 min. The cells were then washed with HBSS and incubated with HBSS for 10 min. The cells were collected by centrifugation at 1,000 *g* for 5 min and resuspended in the PBS. Intracellular calcium concentration in a population of 5 × 10^4^ cells was evaluated using a flow cytometer. The excitation wavelength was 488 nm, and emission spectra peaked at 525 nm. Fluo 3-AM is a nonratiometric fluorescent indicator. The measurement of fluorescence intensity of Fluo 3-AM is thought to approximately estimate the intracellular calcium concentration ([@bib50]).

Cell labeling with DiD dye {#s26}
--------------------------

Cells were stained with DiD dye (V22887; Molecular Probes), according to the manufacturer's instructions. In brief, cells (1 × 10^6^ cells/ml) were incubated with DiD dye (0.5 µM) in serum-free media at 37°C for 40 min, washed with serum-free medium three times, and resuspended in PBS.

Immunofluorescence {#s27}
------------------

5 × 10^3^ DiD-labeled cells were plated on sterile glass coverslips, and Wnt5a was added and incubated for 1, 3, and 6 d, respectively. Then, the cells were fixed with 4% paraformaldehyde, followed by permeabilization with 0.2% Triton X-100 for 10 min at room temperature. The slips were blocked with 3% BSA for 1 h at room temperature and then incubated with primary antibodies against Ki-67 (1:200; ab66155; Abcam) at room temperature for 2 h. After washing the slips with PBS, secondary antibody FITC was incubated in the dark for 1 h at room temperature and then washed with PBS; the coverslips were counterstained with DAPI (0.1 mg/ml; Molecular Probes) and imaged with a Zeiss LSM 710 confocal microscope.

Animal study {#s28}
------------

The ethics approval statements of animal work were provided by the Institutional Animal Care and Use Committee of Sun Yat-sen University Cancer Center, and the ethics approval number for animal work was L102012016110D. For the intracardiac model of bone metastasis, PC-3 cells (10^5^ cells resuspended in 100 µl PBS) were injected into the left cardiac ventricle of BALB/c-nu mice (5--6 wk old; 18--20 g) with a 300-µl, 28.5-G insulin syringe. Successful injection was characterized by the pumping of arterial blood into the syringe. For intratibial injection model, PC-3 cells were resuspended in 100 µl PBS at the density of 2.5 × 10^6^ cells, and 10 µl of cell solution was slowly injected with a 28.5-G needle into the tibia using a drilling motion. Mice were monitored every 3 d for bone metastases by BLI. Osteolytic lesions were identified on radiographs as radiolucent lesions in the bone. Each bone metastasis was scored as follows: 0, no metastasis; 1, bone lesion covering \<1/4 of the bone width; 2, bone lesion involving 1/4--1/2 of the bone width; 3, bone lesion across 1/2--3/4 of the bone width; and 4, bone lesion \>3/4 of the bone width. The bone metastasis score for each mouse was the sum of scores of all bone lesions from two hind limbs. Mice were sacrificed dependent on survival time. Two hind limbs were dissected and fixed with 4% paraformaldehyde and then decalcified by gentle shaking in decalcification solution (0.1 M Tris-HCl and 0.26 M EDTA, pH 7.4) for 3 wk and finally paraffin embedded. Then, the embedded limbs were used for H&E staining. The area of the osteolytic lesions was measured using the image analysis system MetamorphAnalysis Software (Universal Imaging Corporation), and the total extent of bone destruction per animal is expressed in square millimeters.

In the chemotherapy experiment, mice were dosed with two intraperitoneal injections of docetaxel (10 mg/kg body weight) or 0.9% NaCl solution once weekly for 2 wk (114977-28-5; LC Laboratories). In brief, the mice were randomized into the following two treatment groups: (1) consecutive treatment of Wnt5a for 56 d and then removal of Wnt5a on day 57 and (2) consecutive treatment of Wnt5a for 42 d, treatment with Wnt5a and docetaxel for 14 d, and then removal of docetaxel and Wnt5a together on day 57. The mice were culled, and the tibiae were collected and processed for confocal microscopy after 4--6 wk of docetaxel and Wnt5a removal dependent on survival time of mice.

Detection of dormant cells in vivo {#s29}
----------------------------------

Double DiD-labeled and luciferase-expressing PC-3 cells were injected into the left cardiac ventricle of the mice as described above. Mice were sacrificed on day 2 and 80 after injection, respectively, to detect the presence of double luciferase^+^ and DiD^+^ tumor cells in both tibiae of each mouse. Dissected tibiae were fixed with 4% paraformaldehyde and embedded in optimal cutting temperature (OCT) embedding compound (Sakura Finetek), and then frozen at −30°C before use. Serial 10 tissue sections (thickness: 10--12 µm) of both tibiae of all mice were longitudinally generated from a sagittal section with a Leica Cryostat CM3050 S. The tissue sections were stained with a rabbit anti-luciferase polyclonal antibody (L0159; Sigma) as described above. The whole fields of each slide were analyzed to detect double luciferase^+^ and DiD^+^ cells. Tissues were imaged on a Zeiss LSM 710 confocal microscope using either a 1.1 numerical aperture 40× water-immersion objective or a 1.4 numerical aperture 63× oil-immersion objective. The total number of double luciferase^+^ and DiD^+^ cells in each mouse was scored given by the two independent investigators and were statistically analyzed for further comparative number of luciferase^+^ and DiD^+^ cells in the indicated mice groups.

IHC {#s30}
---

IHC analysis was performed to study altered protein expression in human PCa tissues and bone tissues. Paraffin-embedded specimens were serially cut into 4-µm sections and baked at 65°C for 30 min. The sections were deparaffinized with xylenes and rehydrated. Sections were submerged into EDTA antigenic retrieval buffer and microwaved for antigenic retrieval. The sections were treated with 3% hydrogen peroxide in methanol to quench the endogenous peroxidase activity, followed by incubation with 1% BSA to block nonspecific binding. Mouse anti-Wnt5a monoclonal antibody (1:800; orb69148; Biorbyt), mouse anti-ROR2 monoclonal antibody (1:100; SAB1412202; Sigma), mouse anti-SIAH2 monoclonal antibody (1:100; S7945; Sigma) and rabbit anti--β-catenin monoclonal antibody (1:200; 9582; Cell Signaling Technology) were incubated with the sections overnight at 4°C. After washing, the tissue sections were treated with biotinylated anti-rabbit or anti-mouse secondary antibody (Zymed), followed by further incubation with streptavidin--horseradish peroxidase complex (Zymed). Staining of tissue sections was performed using 3,3′-diaminobenzidine. Sections were counterstained with hematoxylin followed by dehydration and mounting. The degree of immunostaining of formalin-fixed, paraffin-embedded sections was reviewed and scored independently by two independent investigators, based on both the proportion of positively stained tumor cells and the intensity of staining. The proportion of tumor cells was scored as follows: 0 (no positive tumor cells), 1 (\<10% positive tumor cells), 2 (10--35% positive tumor cells), 3 (35--70% positive tumor cells), and 4 (\>70% positive tumor cells). The staining intensity was graded according to the following criteria: 0 (no staining), 1 (weak staining, light yellow), 2 (moderate staining, yellow brown), and 3 (strong staining, brown). The staining index (SI) was calculated as staining intensity score × proportion of positive tumor cells. Using this method of assessment, we evaluated the expression of Wnt5a, ROR2, SIAH2, and nuclear β-catenin in tissues by determining SI, with scores of 0, 1, 2, 3, 4, 6, 8, 9, or 12. The median SI of each protein in all PCa tissues was used as the cutoff value to stratify high and low expression of each protein. 10 representative staining fields of each section were analyzed to procure the SI score.

Agents, primers, and plasmids {#s31}
-----------------------------

### Agents {#s32}

Human recombinant Wnt5a (645-WN), 5b (7347-WN), 11 (6179-WN), and 16 (7790-WN) were purchased from R&D. After 24 h of transfection, LiCl (213233; Sigma) was used to inhibit GSK-3β at 40 mM, CsA (C5207; Sigma) was used to inhibit calcineurin at 1 µM, and KN 93 (K1385; Sigma) was used to inhibit CaMKII at 25 µM. Epoxomicin (ab144598; Abcam) was used to block proteasome-mediated protein degradation at 100 nM.

### Plasmids {#s33}

The reporter plasmids containing wild-type (5′-CCTTTGATC-3′; TOPflash) or mutated (5′-CCTTTGGCC-3′; FOPflash) TCF/LEF DNA binding sites were purchased from Upstate Biotechnology. The shRNA for *Wnt5a* and *ROR2*, the mutant form of β-catenin lacking amino acids 29--48, Δβ-catenin, the dominant negative *SIAH1* (ΔSIAH1), *SIAH2* (ΔSIAH2), and *Ebi* (ΔEbi) were synthesized by Vigene Biosciences, and the sequences are listed below.

*Wnt5a*, RNAi no. 1: 5′-CCGGCTAGTGGCTTTGGCCATATTTCTCGAGAAATATGGCCAAAGCCACTAGTTTTTG-3′; RNAi no. 2: 5′-CCGGCTCCCAGGACCCGCTTATTTACTCGAGTAAATAAGCGGGTCCTGGGAGTTTTTG-3′.

*ROR2*, RNAi no. 1: 5′-CCGGCCTCATTAACCAGCACAAACACTCGAGTGTTTGTGCTGGTTAATGAGGTTTTTG-3′; RNAi no. 2: CCGGGCACAGCCCAAATCATAACTTCTCGAGAAGTTATGATTTGGGCTGTGCTTTTTG.

Δβ-catenin, 5′- ATGGCTACTCAAGCTGATTTGATGGAGTTGGACATGGCCATGGAACCAGACAGAAAAGCGGCTGTTAGTCACTGGCAGCAACAGAAAGGCAATCCTGAGGAAGAGGATGTGGATACCTCCCAAGTCCTGTATGAGTGGGAACAGGGATTTTCTCAGTCCTTCACTCAAGAACAAGTAGCTGATATTGATGGACAGTATGCAATGACTCGAGCTCAGAGGGTACGAGCTGCTATGTTCCC TGAGACATTAGATGAGGGCATGCAGATCCCATCTACACAGTTTGATGCTGCTCATCCCACTAATGTCCAGCGTTTGGCTGAACCATCACAGATGCTGAAACATGCAGTTGTAAACTTGATTAACTATCAAGATGATGCAGAACTTGCCACACGTGCAATCCCTGAACTG ACAAAACTGCTAAATGACGAGGACCAGGTGGTGGTTAATAAGGCTGCAGTTATGGTCCATCAGCTTTCTAAAAAGGAAGCTTCCAGACACGCTATCATGCGTTCTCCTCAGATGGTGTCTGCTATTGTACGTACCATGCAGAATACAAATGAT GTAGAAACAGCTCGTTGTACCGCTGGGACCTTGCATAACCTTTCCCATCATCGTGAGGGCTTACTGGCCATCTTTAAGTCTGGAGGCATTCCTGCCCTGGTGAAAATGCTTGGTTCACCAGTGGATTCTGTGTTGTTTTATGCCATTACAACTCTCCACAACCTTT TATTACATCAAGAAGGAGCTAAAATGGCAGTGCGTTTAGCTGGTGGGCTGCAGAAAATGGTTGCCTTGCTCAACAAAACAAATGTTAAATTCTTGGCTATTACGACAGACTGCCTTCAAATTTTAGCTTATGGCAACCAAGAAAGCAAGCTCATCATACTGGCTAGTGGTGGACCCCAAGCTTTAGTAAATATAATGAGGACCTATACTTACGAAAAACTACTGTGGACCACAAGCAGAGTGCTGAAGGTGCTATCTGTCTGCTCTAGTAATAAGCCGGCTATTGTAGAA GCTGGTGGAATGCAAGCTTTAGGACTTCACCTGACAGATCCAAGTCAACGTCTTGTTCAGAACTGTCTTTGGACTCTCAGGAATCTTTCAGATGCTGCAACTAAACAGGAAGGGATGGAAGGTCTCCTTGGGACTCTTGTTCAGCTTCTGGGTTCAGATGATATAAATGTGGTCACCTGTGCAGCTGGAATTCTTTCTAACCTCAC TTGCAATAATTATAAGAACAAGATGATGGTCTGCCAAGTGGGTGGTATAGAGGCTCTTGTGCGTACTGTCCTTCGGGCTGGTGACAGGGAAGACATCACTGAGCCTGCCATCTGTGCTCTTCGTCATCTGACCAGCCGACACCAAGAAGCAGAGATGGCCCAGAATGCAGTTCGCCTTCACTATGGACT ACCAGTTGTGGTTAAGCTCTTACACCCACCATCCCACTGGCCTCTGATAAAGGCTACTGTTGGATTGATTCGAAATCTTGCCCTTTGTCCCGCAAATCATGCACCTTTGCGTGAGCAGGGTGCCATTCCACGACTAGTTCAGTTGCTTGTTCGTGCACATCAGGATACCCAGCG CCGTACGTCCATGGGTGGGACACAGCAGCAATTTGTGGAGGGGGTCCGCATGGAAGAAATAGTTGAAGGTTGTACCGGAGCCCTTCACATCCTAGCTCGGGATGTTCACAACCGAATTGTTATCAGAGGACTAAATACCATTCCATTGTTTGTGCAGCTGCTTTATTCTCCCATTGAAAACATCCA AAGAGTAGCTGCAGGGGTCCTCTGTGAACTTGCTCAGGACAAGGAAGCTGCAGAAGCTATTGAAGCTGAGGGAGCCACAGCTCCTCTGACAGAGTTACTTCACTCTAGGAATGAAGGTGTGGCGACATATGCAGCTGCTGTTTTGTTCCGAATGTCTGAGGACAAGCCACAAGATTACAAGAAACGGCTTTCAGTTGAGCTGACCAGCTCTCTCTTCAGAACAGAGCCAATGGCTTGGAATGAGACTGCTGATCTTGGACTTGATATTGGTGCCCAGGGAGAACCCCTTGGATATCGCCAGGATGATCCTAGCTATCGTTCTTTTCACTCTGGTGGATATGGCCAGGATGCCTTGGGTATGGACCCCAT GATGGAACATGAGATGGGTGGCCACCACCCTGGTGCTGACTATCCAGTTGATGGGCTGCCAGATCTGGGGCATGCCCAGGACCTCATGGATGGGCTGCCTCCAGGTGACAGCAATCAGCTGGCCTGGTTTGATACTGACCTG-3′.

ΔSIAH1: 5′-ATGGTGGCTAATTCAGTACTTTTCCCCTGTAAATATGCGTCTTCTGGATGTGAAATAACTCTGCCACACACAGAAAAAGCAGACCATGAAGAGCTCTGTGAGTTTAGGCCTTATTCCTGTCCGTGCCCTGGTGCTTCCT GTAAATGGCAAGGCTCTCTGGATGCTGTAATGCCCCATCTGATGCATCAGCATAAGTCCATTACAACCCTACAGGGAGAGGATATAGTTTTTCTTGCTACAGACATTAAT CTTCCTGGTGCTGTTGACTGGGTGATGATGCAGTCCTGTTTTGGCTTTCACTTCATGTTAGTCTTAGAGAAACAGGAAAAATACGATGGTCACCAGCAGTTCTTCGCAATCGTACAGCTGATAGGAACACGCAAGCAAGCTGAAAATTTTGCTTACCGACTTGAGCTAAA TGGTCATAGGCGACGATTGACTTGGGAAGCGACTCCTCGATCTATTCATGAAGGAATTGCAACAGCCATTATGAATAGCGACTGTCTAGTCTTTGACACCAGCATTGCACAGCTTTTTGCAGAAAATGGCAATTTAGGCATCAATGTAACTATTTCCATGTGT-3′.

ΔSIAH2: 5′-ATGGTGGCCTCGGCAGTCCTGTTTCCCTGTAAGTATGCCACCACGGGCTGTTCCCTGACCCTGCACCATACGGAGAAACCAGAACATGAAGACATATGTGAATACCGTCCCTACTCCTGCCCATGTCCTGGTGCTTCCT GCAAGTGGCAGGGGTCCCTGGAAGCTGTGATGTCCCATCTCATGCACGCCCACAAGAGCATTACCACCCTTCAGGGAGAAGACATCGTCTTTCTAGCTACAGACATTAAC TTGCCAGGGGCTGTCGACTGGGTGATGATGCAGTCATGTTTTGGCCATCACTTCATGCTGGTGCTGGAGAAACAAGAGAAGTACGAAGGCCACCAGCAGTTTTTTGCCATCGTCCTGCTCATTGGCACCCGCAAGCAAGCCGAGAACTTTGCCTACAGACTGGAGTTGAA TGGGAACCGGCGGAGATTGACCTGGGAGGCCACGCCCCGTTCGATTCATGACGGTGTGGCTGCGGCCATCATGAACAGCGACTGCCTTGTTTTCGACACAGCCATAGCACATCTTTTTGCAGATAATGGGAACCTTGGAATCAATGTTACTATTTCTACATGT-3′.

Ebi(ΔF): 5′-ATGACCGAGCTCGCTGGCGCCTCTTCATCGTGCTGCCACCGCCCTGCAGGAAGAGGGGCCATGCAGTCAGTCTTGCACCACTTTCAACGTTTGCGAGGGAGAGAGGGTGGTTCCCACTTCATCAACACCTCATCGC CGCGAGGTGAGGCTAAGATGAGCATAACCAGTGACGAGGTGAACTTTCTGGTGTATCGGTATCTCCAGGAGTCAGGTTTTTCCCACTCGGCTTTCACGTTTGGGATTGAGA GCCACATCAGCCAGTCCAACATCAATGTGATGCCCGACGTGGTGCAGACGCGGCAGCAGGCATTCCGAGAGAAGCTCGCTCAGCAGCAAGCCAGTGCGGCGGCGGCGGCGGCTGCGGCCACGGCAGCAGCGACAGCAGCCACCACGACCTCAGCCGGCGTTTCCCACCA AAATCCATCGAAGAACAGAGAGGCCACGGTGAATGGGGAAGAGAACAGAGCACATTCAGTCAATAATCACGCGAAGCCAATGGAAATAGATGGAGAGGTTGAGATTCCATCCAGCAAAGCCACAGTCCTTCGGGGCCATGAGTCTGAGGTGT TCATTTGTGCCTGGAATCCTGTCAGTGATTTGCTAGCCTCCGGATCTGGAGACTCAACTGCAAGGATATGGAACCTGAATGAGAATAGCAACGGGGGCTCCACCCAGCTCGTGTTGAGGCACTGTATACGAGAGGGGGGCCATGACGTCCCGAGTAACAAAGACGT CACCTCACTGGACTGGAATACCAATGGAACACTCTTGGCTACGGGTTCATATGACGGTTTTGCAAGAATATGGACGGAAGATGGTAACCTGGCCAGCACCTTAGGCCAACATAAAGGCCCCATCTTTGCCTTGAAATGGAACCGAAAGGGGAATTACATTTTGAGTGCTGGTGTAGACAAAACAACAATAATTTGGGATGCCCACACAGGAGAAGCCAAACAGCAGTTTCCTTTTCATTCAGCCCCTGCCCTTGATGTGGACTGGCAGAACAACACGACCTTTGCCT CCTGTAGCACAGACATGTGTATCCATGTGTGCAGGCTCGGCTGTGACCGCCCAGTCAAAACCTTCCAGGGACACACAAACGAGGTCAACGCCATCAAATGGGATCCGTCTGGAATGTTGCTGGCATCCTGCTCGGATGACATGACATTGAAGATCTGGAGCATGAAACAGGAGGTGTGCATCCATGATCTTCAGGCTCACAATAAAGAGATCTA CACCATCAAGTGGAGCCCCACTGGGCCCGCCACCAGCAACCCAAACTCCAACATCATGTTGGCAAGTGCTTCGTTTGATTCTACGGTGCGACTGTGGGACATAGAACGAGGCGTCTGCACCCACACGCTCACGAAGCATCAGGAGCCTGTCTATAGCGTAGCTTTCAGCCCTGATGGGAAGTACTT GGCCAGTGGATCCTTCGACAAGTGCGTCCATATCTGGAATACTCAGAGTGGAAATCTTGTCCACAGCTACCGAGGCACTGGCGGCATCTTCGAGGTGTGCTGGAACGCCCGAGGAGACAAAGTGGGTGCCAGCGCGTCCGACGGC TCTGTGTGTGTTTTGGATCTGCGGAAG-3′.

"Δ" means mutational; "ΔF" means the sequence of F-box in Ebi had been cut off.

### Primers {#s34}

*CCND1* forward, 5′-GCCCTCGGTGTCCTACTTC-3′; *CCND1* reverse, 5′-CTCCTCCTCGCACTTCTGTT-3′; *CCND2* forward, 5′-GGTCGGGTTTTCAATCACAC-3′; *CCND2* reverse, 5′-CCTCTTCACCTCCCTTCAACT-3′; *CCND3* forward, 5′-TCCTCTCCCATTGTCCCTCT-3′; *CCND3* reverse, 5′-CCACCAGCCTAAACCTTGC-3′; *CCNA1* forward, 5′-GGAAGGCATTTTCTGATCCA-3′; *CCNA1* reverse, 5′-GCTAGGGCTGCTAACTGCAA-3′; *CCNA2* forward, 5′-ATGTCACCGTTCCTCCTTG-3′; *CCNA2* reverse, 5′-GGGCATCTTCACGCTCTATT-3′; *CCNB1* forward, 5′-TGAGGAAGAGCAAGCAGTCA-3′; *CCNB1* reverse, 5′-ATGGTCTCCTGCAACAACCT-3′; *CCNB2* forward, 5′-ACTGCTCTGCTCTTGGCTTC-3′; *CCNB2* reverse, 5′-TTTCTCGGATTTGGGAACTG-3′; *CCNB3* forward, 5′-AGATCCACCAGCTTCACTGC-3′; *CCNB3* reverse, 5′-GTGACATGAGGGCCATTCTT-3′; *CCNE1* forward, 5′-CGGTATATGGCGACACAAGA-3′; *CCNE1* reverse, 5′-ACATACGCAAACTGGTGCAA-3′; *CCNE2* forward, 5′-AGGAAAACTACCCAGGATGTCA-3′; *CCNE2* reverse, 5′-ATCAGGCAAAGGTGAAGGATTA-3′; *CDK1* forward, 5′-GGTCAAGTGGTAGCCATGAAA-3′; *CDK1* reverse, 5′-CCAGGAGGGATAGAATCCAAG-3′; *CDK2* forward, 5′-TGCCTGATTACAAGCCAAGTT-3′; *CDK2* reverse, 5′-GAGTCGAAGATGGGGTACTGG-3′; *CDK4* forward, 5′-CAGCTACCAGATGGCACTTACA-3′; *CDK4* reverse, 5′-CAAAGATACAGCCAACACTCCA-3′; *CDK6* forward, 5′-GTCAGGTTGTTTGATGTGTGC-3′; *CDK6* reverse, 5′-CGGTGTGAATGAAGAAAGTCC-3′; *CDKN1A* forward, 5′-AGGTGGACCTGGAGACTCTCAG-3′; *CDKN1A* reverse, 5′-TCCTCTTGGAGAAGATCAGCCG-3′; *CDKN1B* forward, 5′-ATAAGGAAGCGACCTGCAACCG-3′; *CDKN1B* reverse, 5′-TTCTTGGGCGTCTGCTCCACAG-3′; *RB1* forward, 5′-CAGAAGGTCTGCCAACACCAAC-3′; *RB1* reverse, 5′-TTGAGCACACGGTCGCTGTTAC-3′; *Wnt1* forward, 5′-ATAGCCTCCTCCACGAACCT-3′; *Wnt1* reverse, 5′-GGAATTGCCATTTGCACTCT-3′; *Wnt2* forward, 5′-GGTCAGCTCTTCATGGTGGT-3′; *Wnt2* reverse, 5′-ATCTCTGTCCAGGGTGTTGC-3′; *Wnt2b* forward, 5′-TCAACGCTACCCAGACATCA-3′; *Wnt2b* reverse, 5′-ACCACTCCTGCTGACGAGAT-3′; *Wnt3* forward, 5′-AGGAGTGCCAGCATCAGTTC-3′; *Wnt3* reverse, 5′-ACTTCCAGCCTTCTCCAGGT-3′; *Wnt3a* forward, 5′-CTGGCAGCTGTGAAGTGAAG-3′; *Wnt3a* reverse, 5′-TGGGTGAGGCCTCGTAGTAG-3′; *Wnt4* forward, 5′-CTGGAGAAGTGTGGCTGTGA-3′; *Wnt4* reverse, 5′-CAGCCTCGTTGTTGTGAAGA-3′; *Wnt5a* forward, 5′-CAAATAGGCAGCCGAGAGAC-3′; *Wnt5a* reverse, 5′-CTCTAGCGTCCACGAACTCC-3′; *Wnt5b* forward, 5′-CTGCTTGCGTAATGAGACCA-3′; *Wnt5b* reverse, 5′-AAAGCAACACCAGTGGAACC-3′; *Wnt6* forward, 5′-TCAGTTCCAGTTCCGTTTCC-3′; *Wnt6* reverse, 5′-CATGGAACAGGCTTGAGTGA-3′; *Wnt7a* forward, 5′-GGTGCGAGCATCATCTGTAA-3′; *Wnt7a* reverse, 5′-TCCTTCCCGAAGACAGTACG-3′; *Wnt7b* forward, 5′-AAGCCTATGGAGACGGACCT-3′; *Wnt7b* reverse, 5′-TTGGTGTACTGGTGCGTGTT-3′; *Wnt8a* forward, 5′-AGCACAGAGGCTGAGCTGAT-3′; *Wnt8a* reverse, 5′-TCTGCTCTCCTCTCCTCCAC-3′; *Wnt8b* forward, 5′-GTGGACTTCGAAGCGCTAAC-3′; *Wnt8b* reverse, 5′-CTGCTTGGAAATTGCCTCTC-3′; *Wnt9a* forward, 5′-TGCTTTCCTCTACGCCATCT-3′; *Wnt9a* reverse, 5′-CCTTGACAAACTTGCTGCTG-3′; *Wnt9b* forward, 5′-TGGAGCGCTGTACTTGTGAC-3′; *Wnt9b* reverse, 5′-GCACTTGCAGGTTGTTCTCA-3′; *Wnt10a* forward, 5′-CATGAGTGCCAGCATCAGTT-3′; *Wnt10a* reverse, 5′-ACCGCAAGCCTTCAGTTTAC-3′; *Wnt10b* forward, 5′-GGAAGGGTAGTGGTGAGCAA-3′; *Wnt10b* reverse, 5′-CTCTCCGAAGTCCATGTCGT-3′; *Wnt11* forward, 5′-CAGGATCCCAAGCCAATAAA-3′; *Wnt11* reverse, 5′-GTAGCGGGTCTTGAGGTCAG-3′; *Wnt16* forward, 5′-GAGCTGTGCAAGAGGAAACC 3′; *Wnt16* reverse, 5′-TGAATGCTGTCTCCTTGGTG-3′; *MYC* forward, 5′-CCTGGTGCTCCATGAGGAGAC-3′; *MYC* reverse, 5′-CAGACTCTGACCTTTTGCCAGG-3′; *CD44* forward, 5′-CCAGAAGGAACAGTGGTTTGGC-3′; *CD44* reverse, 5′-ACTGTCCTCTGGGCTTGGTGTT-3′; *JUN* forward, 5′-CCTTGAAAGCTCAGAACTCGGAG-3′; *JUN* reverse, 5′-TGCTGCGTTAGCATGAGTTGGC-3′; *LEF1* forward, 5′-CTACCCATCCTCACTGTCAGTC-3′; *LEF1* reverse, 5′-GGATGTTCCTGTTTGACCTGAGG-3′; *HNF1A* forward, 5′-AGACGCTAGTGGAGGAGTGCAA-3′; *HNF1A* reverse, 5′-GGCAAACCAGTTGTAGACACGC-3′; *AXIN2* forward, 5′-CAAACTTTCGCCAACCGTGGTTG-3′; *AXIN2* reverse, 5′-GGTGCAAAGACATAGCCAGAACC-3′; *VEFGA* forward, 5′-TTGCCTTGCTGCTCTACCTCCA-3′; *VEFGA* reverse, 5′-GATGGCAGTAGCTGCGCTGATA-3′; *MMP7* forward, 5′-TCGGAGGAGATGCTCACTTCGA-3′; *MMP7* reverse, 5′-GGATCAGAGGAATGTCCCATACC-3′; *SIAH1* forward, 5′-TCTTCCTGGTGCTGTTGACTGG-3′; *SIAH1* reverse, 5′-CGATTGCGAAGAACTGCTGGTG-3′; *SIAH2* forward, 5′-GCATCAGGAACCTGGCTATGGA-3′; *SIAH2* reverse, 5′-GCAGGAGTAGGGACGGTATTCA-3′; *ROR2* forward, 5′-GTACGCATGGAACTGTGTGACG-3′; *ROR2* reverse, 5′-AAAGGCAAGCGATGACCAGTGG-3′; *GAPDH* forward, 5′-ATTCCACCCATGGCAAATTC-3′; *GAPDH* reverse, 5′-TGGGATTTCCATTGATGACAAG-3′.

Statistical analysis {#s35}
--------------------

All values are presented as means ± SD. Significant differences were evaluated using GraphPad 5.0 software. Student's *t* test was used to determine significant differences between two groups. The χ^2^ test was used to analyze the relationship between ROR2 expression and clinicopathological characteristics in PCa patients. A two-tailed P value of \<0.05 was considered statistically significant in all experiments. All experiments were repeated three times.

Online supplemental material {#s36}
----------------------------

Fig. S1 shows the isolation and stainings of primary osteoblasts from the calvaria of neonatal rats. Fig. S2 shows that Wnt5a from different cell components of the osteoblastic niche inhibits proliferation of PCa cells. Fig. S3 demonstrates that Wnt5a antagonizes canonical Wnt/β-catenin signaling independent of Wnt/Ca^2+^ signaling and GSK-3β. Fig. S4 demonstrates that ROR2/SIAH2 signaling mediates the roles of Wnt5a in inducing the dormancy of PCa cells in bone. Fig. S5 shows the isolation and establishment of primary PCa cells from clinical PCa tissues. Table S1 shows the clinicopathological characteristics of 231 PCa patients whose samples were used for IHC analysis.
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